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@ Oxidative dehydrogenatlon of hydrocarbons with a 

<§) A method is °isck»edfor the °»^JT 
^ hvdreoenabon of hydrocarbon compounos 
SS^Sated anSc^altenes^aBcene^ 
and oxygenates such as alcohols. The method 
^p^efwrtacong the hydrocarbon 
paXSvMi oxygen in the presence oT o»datt« 
H^writnoenation catalyst The catalyst exhibits 
23*3eSS nSed pmducte and has 
Sufficient activity to maintain low rea«*on tern- 
paBtures. Further, there are dKdosed catetf- 
Js* doped with a redoxactive bansjhw mete^ 

i n^tyTwheh exhibit increased activity and 

; selectivity. 



carbon-containing catalyst 
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The prasent invention is concerned with a meth- 
od lor oxidative dehydrogenation of hydrocarbon 
compounds. In particular, the present invention is 
concerned win a method for oxidative dehydrogena- 
ten of hydrocarbon compounds in the presence of 



Dehydrogenation of hydrocarbons is a commer- 
cialy important process. For example, dehy drogena- 
tion of ethytbenzene to styrene provides a commer- 
cialysignif cart reaction product However, direct de- 
hydrogenation is an endothermic reaction limited by 
equlDrium. Therefore, typically, yield does not ex- 
ceed 50 percent Further, even though this reaction is 
carried out in the presence of a promoted iron oxide 
catalyst reactor temperatures typically exceed 
600*C 

These limitations of the direct dehydrogenation 
method have resulted in the invasion d Tether 
methods for obtaining debydrogenated products. In 
particular, oxidative dehydrogenation has been pro- 
posed as a niethod which may obviate the high toiw 

-return requfcement Aaignlflcant advantage of oxi- 
dative dehydrogenation lies in the <^f ,r ** s J* 
conversion which . theoretically. ^"J^ 1 *"*^ 
cause the formation of water as a *W red, **f* e 
action makes the reaction exergonic. p erefo ~- 
der typical reaction conditions, the exothermic heat ot 
reaction sustains continued reaction. 
^^imbTof materials have been proposed as 
catalysts for the oxidative *^ ena *^^ 
Promoted inoroanic oxide P****^^ 
tin. and phosphorus-containing oxides (SnOrPjOs) 
and JonW and rjnosphorus^teWngj Modes 
raOrPrfW. Cerium pyrophosphate also hasbeen 
SSd ^catalyze the reaction. These ca^yste ex- 
Si at tea* about 80 P^^^ a ^ ^ 
about 75 percent conversion for ^J^™^ 
droqenation of ethyibenrene to styrene. However, 

action teniperature below about 550-C 

Hut article oahvdroff«nahon of Bh*- 

tvsnzene to Styre- "^^"-Based CatalystsJ 
— . . ' , JAM ,x n^rlm Hocmbes oxida- 



Molec 0*8^58(1990). 81227-233. describes o»da- 

^^^^^^^ 
IS SSrLeous substances ^ u ^^* 'f" 
olvzed poiyacrylonitrie (PPAN). each of which has a 
s^c^ce area less than about 50 m*/ grant 
activated carbon having a specif ic surface area of 
abouTsOO «*/ gram, and a carbon molecular sieve 
Sal having an extiaoroinarty high specific ^ sur- 
Scearea. Only the carbon molecular sieve material 
yielded a conversion exceeding 30 per^t 

Effc^totower toe temperature at wh.cn th ox- 
idative dehydrogenation ^^Z^lTs^Z 
unity resulted in the use of carbon mol cularsieves. 
Such material has a uniform surface s*^'™** 
tremely high specif ic surface area, and a very narrow 



pore size range. Further, it is believed that the surface 
structure of the material is particularly suited for cat- 
alyzing the oxidative dehydrogenation process. How- 
ever, no definitive conclusion waa drawn therein re- 
s garding the characteristics of the catalyst which result 
in the extraordinarily high activity (conversion) and se- 
lecthrity (yield of desired product). 

Data in the Oxidative Dehydrogenation article il- 
lustrates that high specific surface area alone does 
to not ensure that satisfactory conversion will be ach- 
ieved. As illustrated therein, activated carbon having 
a specific surface area an order of magnitude higher 
than the pyrolyzed pctyecrylonitrile (PPAN) catalyst 
utlized therein exhibited activity (conversion) esaen- 
rs tially equal to that of the PPAN. 

Oxidative dehydrogenation of aliphatic nitrites 
catalyzed with carbonaceous catalysis Is disclosed In 
US-A-4.948,910. This patent discloses that the pre- 
ferred catalyst has three distinct sets of pores, each 
so having a different average 

erence for catalyst having a specif ied minimum pore 
volume of the sub-micropores, defined therein as 
those pores having an «W - J--*™^ 
lass than about 7 angattomsjhta^pateni juggeete 

25 that the sub^lcropores control P"*"^"*^ 
and teaches that catalyst havi^^ 
area is satisfactory, provided that the catalyst exhibits 

oxidative dehydrogenation activity. 
^^disdoTurecrfUS-A^^^IOisllmltedtode- 

30 hyorogenattonofaliphatfcn^ 

the nitrite mpisty has not been °eterrrtned. *e nftnto 
moh^isexpectedtobeagorjddonoriTW^ 
ing the niWe-containing molecule to a ^telystTh 
nitrite moiety also may play an important part In sta- 
35 bitizing intermediates in the oxidative dehydrogena- 

^Seteeted molecular carbon stove material has 
been-utaized to catalyze oxidative dehydrogenation 
of alkyl aromatic compounds. P^arty eftyW 
40 zene and ethyttoluene. US-A^.652.690 discloses 
that molecular carbon sieve material having a pore 
size of 5-7 angstroms is an active oxidative deriydro- 
genation catalyst for formation of styrene from ethyl- 



45 
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According to the present invention there is provid- 
ed a method for oxidative dehydrogenation of a hydro- 
carbon compound to produce a more unsaturated 
product said method comprising: 

reacting the hydrocarbon compound and oxy- 
gen in the presence* oxidative ^W^S^t 
alyst under conditions sufficient to remove hydrogen 
atoms from the hydrocarbon compound awltoa 
more umaturated product and watered catalyst 
comprising carbonaceous material selected torn. 
55 (aTcar^rtaceousmaterialhavlngas leered spe- 
cif ic surface area and a selected pore size distrib- 
ution, the carbonaceous material being selected 
horn polymeric carbons prepared by pytorysis of 
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resinous polymers, polymeric carbons prepared 
by pyrorysis of petroleum residues, polymeric car- 
bons prepared by pyrorysis of other polymeric 
carbon precursors, and blends thereof; 

(b) ca rbona c eo u s material doped with a redox- 

active transition metal moiety and selected from 
polymeric cartons prepared by pyrdysb of resin- 
ous polymers, polymeric carbons prepared by 
pyrorysis of petroleum residues, polymeric car- 
bona prepared by pyrorysis of other polymeric 
carbon precursors, and blends thereof; and 

(c) blends thereof. 

Preferably the catrfyst used in the present invention 
is selected from carbonaceous material having a se- 
lected specTc surface area an^ a selected pore s^ 
distribution selected from polymeric carbons pre- 
pared by pyre** of res-iousi ^V^^^ 
ceous material doped with a redox-acove transition 
metal moiety and selected from polymeric carbons 
prepared by pyrorysis of resinous polymers, end 

blends thereof* 

The present invention also provides a catalyst for 

the oxidate dehydrogenase of W*^ n *™. 

pounds comprising carbonaceous matenai aopeo 

wrtha redox-activeirarisitionmetalrrK^^ 

ed from polymeric carbons 

resinous polymers, polymeric carbons prepared by 

Solysis of pttoteum residues, polymeric carbons 

P^e^bypyrolysferfothfirpolyn^c^npre- 

cursors, and Wends thereof. 

The present invention is directed to a method for 
oxidative dehydwgenation of hydrocarbon com- 
aaunds. Hydrocarbon compounds, including alKyiat- 
ed aromaocs. alkanes. alkenes. oxygenates such as 
ataohols. and blends thereof, are contacted with oxy- 
gens r^cec<c»dativ^^ 
atyst to produce a more unsaturated product The cat- 



alyst exhibits good seiectrvny to oes.^u^--- 

atures. Catalyst doped with 
metal motety exhibits increased activity and selectiv- 
^urSatatyst doped with a 
tion metal which also catalyzes reacbonofm^ 

terial which is a by-product of the 
genation reaction and is deposited on the eatoiystdur- 
the course of that reaction exhibits reduced ten- 

^"Thfe STntebased on the finding that cariao- 
naceous catalysts having selected specific surface 
area and selected distribution of pores having diame- 
ters within selected ranges exhibit exfraordmary ac- 
tivity in catalyzing the oxidative dehy^atono 
hydrocarbon compounds such as alkylated aromat- 
SfsSS alkenes. and oxygenates. Not only are 
Sse £s especially active, butalso the, r exhib* 
excel, ntselecavitytoth desired product tta^ has 
been discovered that doping such catalysts wtf. a re- 
dox-aenve transition metal moiety increases both the 



acthrity and selectivity of the resulting catalyst Fur- 
ther.d ping such catalysts with a redox-aetive transi- 
tion metal moiety which catalyzes reaction of material 
which is a by-product of the oxidative dehydrogena- 
5 tion reaction and Is deposited on the catalyst during 
the course of that reaction reduces the tendency for 
the catalyst to agglomerate. 

The Invention is directed to a method for oxida- 
tjvety dehydrogenating hydrocarbon compounds, 
to Throughout the specification and claims, the 
phrase "hydrocarbon compound' and the word 'hy- 
drocarbon', when used to describe e reactant to be 
dehydrogenatad in accordance with the method of the 
invention, means any compound susceptible of dehy- 
1$ drogenation which consists essentially of carbon and 
hydrogen, and oxygenated forms thereof. Therefore, 
compounds containing nitrogen and other strong do- 
nor groups, such es amines, sulfides, phosphides, 
and nitrites, are not within the scope of the Invention. 
20 Rather, the Invention is directed to a method tor oxl- 
datively dehydrogenatlng hydrocarbon compounds 
such as alkylated aromatics. alkanes. alkenes. and 

0Xyfl OxWatWe dehydrogenation of alkylated aromatic 

25 akane. alkene. and <^«^J^~^^^ 
tents results in the removal from the "y«rocart>on re- 
actent of at least two atoms of 
mation of one molecule of water. The resulting prod- 
uct is said to be more unsaturete^criess^sab^ted. 
30 than the feed from which the product was obtained^ 
Skilled practitioners recognise that hydrogen atons 
are removed in pairs, i.e., one hydroger .atom from 
each of two adjacent carbon atoms, andthatmore 
Than one pair of hydrogen atoms may be removed 
as from a molecule. For example, ^ 

trvely dehydrogenated to form not only 1-butene but 
also 1.3-butadiene. 

In accordance with the method of the invention, 
hydrocarbon reactant and oxygen are delivered to a 
40 bed of catalyst at appropriate *W*^J™*™" 

sure. The reactant and oxygen are 
tect in the presence of catalyst for ape^su^nt 

to achieve oxidative dehydrogenat.cn of the reactant 

andtoyieldades.red "nsatoratedhvdrecariwmlnfte 

45 case where the reactant is not saturated the method 

provkjes a product which has a greater degree of un- 

Sa ^Hvdrocarbons of any molecular weight may be 
treateTm accordance with the method of the Inven- 
50 ton. Typically, however, ft is the lower molecular 
weight hydrocarbons of each type ^ich typ ^ly are 
dehydrogenated in accordance with the method of the 
indention. For example, alkanes. alkenes. oxygen- 
ates, and the alkyl moieties of alkylated ammattede- 
« hydrogenated in accordance with this method typw 
58 SyZe up to about 6 carbo n 

nydrocarbon compound is selected ^k*a^ ar 
omatics wherein th alkyl group has up to about 6 car- 
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bon atoms: straight chain, branched, and cyclic al- 
kanee. aJkenea, and oxygenates having up to about 6 
carbon atoms; and blends thereof. 

Examples of afcytated aromatic* which can be 
treated k> accord a nce w*h the method of the invention s 
include ethytbeRzene and diethylbanzene. The de- 
sved product resulting from oxidative dehydrogena- 
ticflrfetbylbenzene in acoordarKMwIh the method of 

the invention is styrene. The desired products of the 
dehydrogenation of 1.4-diethytbenzene include p- to 
ethytstryrene and dMrryfbenzene. Simiariy. the de- 
sked product of oxidative dehydrogenation of an al- 
kane such «s butane is 1-butene. and 1.3-butadiene 
is the desired iosun of the dehydrogenation of 1-bu- 
tene. The products of the oxidative dehydrogenation is 
of ethanoi (an oxygenate) include -oetotoeM^d 
ethyl acetate, wlft a minor fraction of dtethvJefter.it 
wffl be apparent to the sMDad pnK*»oneri matother 
unsaturated compounds wMi be obta.ned by oxriaBve 
detwdrooenation of other starting materials. *» 
^se^torated products have uses known to 
skied pracBtonere. For example, styrene can be 
poryrtwized, or can be cop^ymertzed 
ofeDulaaTeneataalfaproductcfthemeth^ 

ad products of the method of the invention haveweli- 



"r^actants ere delivered to the catalyst bed m 
any suitable form. TypteaBy. the tower molecular 
wefchYraactents, particularly the aikanes and at- so 
Z*Z a^mTvapour ^^^^ 
tens and at the conditions under ^•* react, °"™ 
^Otherreactante.suc^as^noUr^^ 

aTambient but vapour at 35 

ation reaction is provided in any ^ wh^the oxy- 
oeTrnolecUes are available for reaction with thehy- « 
S^Sn^aaetant Oxygen typically is supplied in 

o^puriHed oxygen, and """-^ 
tion of a r as the oxygen ^J^"* *** « 
^»ntan« of low cost and ease of availability. 

oxygen con^nbaten in freoxy- 
gen source is limited to less than about 50 percent 
more preferably less than about 30 P"**"? 
bfcation of the oxygen with *^^«^X » 

thus helping control the ""l*^*^^^ 
dluents include water vapour (steam), the |«**Mpr 
STases. including helium and argon, carbon d.ox- 55 

of oxygen in fte o^en 
source sufficient to provid the oxygen required for 



the reaction is suitab) for us in the method of the in- 
vention. SkJIed practitioners recognize that use of 
pure oxygen minimizes the chance of contamination 
of the product by introduction of impurities and reduc- 
tion of yield by side reactions. However, such precau- 
tions typically are not necessary, and air is a preferred 
oxygen source. Diluted oxygen also la a preferred 
oxygen source, with steam a preferred diluent 

Any quantity of oxygen in the raactant mixture 
sufficient to promote the oxidative dehydrogenation 
of the raactant is suitable for use In the method of the 
invention. Preferably, between about 0.1 and about 6 

moles of oxygen are P^^^fZ^IZ 
per mole of raactant More preferably, the molar ratio 
of oxygen to raactant is between about 0.3:1 and 
about 4:1. Most preferably, a molar ratio of oxygen to 
raactant is between about 0.6:1 and about 3:1. A mo- 
lar ratio of oxygenic raactant of less than about 0.1:1 
may not provide sufficient oxygen to carry out theox- 
Idative dehydrogenation reaction. Oxygen:raactont 
molar ratios above 5:1 may «use loss of artecttv^ 
to desired unsaturated product through oxidation « 
the desired product or of the riydrooarbon reactant 
Sifter, high oxygen concentrations m the mixture of 
reXfcmay not provkJe su^entr^al^ 
exothermteheatofreactton.SWe^^ 
ognize that explosive mixtures of hydrocarbon raac- 
tant and oxygen are not recommended. 

Jw temperature at which the oxidative dahydro- 
oenation reaction proceeds is suitable for use in ft 
method of the invention. Typically, a temperature of at 
leaTabout 2O0»C is utilized. The reacttor irate at a 
temperature below this temperature may be siow or 
the selectivity low. Further, a temperature of less than 
ateutS"? typically is utilized. At a tamperatere 

higher than about 550"C. ^^2*2*2! 
may become difficult to control. The 
may decrease at a temperature above about 550»C 
2a£e^X»on of the raactant itself «n^come 
sSXeant Therefore, the temperature 
nltained between about 20OJC a^^t ^ 
more preferably between about 2S0»C and about 
500° C and most preferably between about 300 C 

3nd ?nTjre2ure at which the reaction is carried out 
is selected to ensure that the oxidative dehydrogena- 
tioTproceeds at an acceptable rate and P««»«* J* 
sirad Narrated product Typically an absolute 
pressure of between about 6.895 x W and 1034 x 
10» Pa absolute (1 and 1500 psia) is utilized. Prefer- 
ablv the pressure is maintained between about 34.48 
x^ ar£7u3 x 10» Pa absolute (5 and about 150 

344.75 x 10* Pa absolute (7.5 and 50 pea). 

Feedrate of hydrocarbon compound reactents 
stablished to provide a sufficient penod ofcontact 
bZren catalyst and reactants. SkBled pracbtioners 
reeognto thai 'the ton required to achieve the de- 
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sred oxidative dehydrogenation is related not only to 
the identity of the hydrocarbon compound undergoing 
oxidative dehydrogenation. but also upon the operat- 
ing condBons. including temperature and pressure. 
The liquid space veiodty (LSV). Le.. the liquid voJume s 
of reactant passed over a volume of catalyst per unit 
time, typfcaly is between about 0.005 hr' and about 
SO hr\ More typteaay. the LSV is between about 0.01 
hr» and about 10 hr\ and moat typicafy is between 
about 0.1 hr 1 and about 5 hr'. 10 

Catalysts utlizad in the method of the invention 
are carbonaceous m et ad ata having a selected spedf- 
ic surface area and a se le ct e d distribution of pores 
having diameter* within selected ranges. It has been 
found that can^onaceous materials having the select, is 
ed specific surface ansa and selected pore size dis- 
tribution effectively catalyze oxidative dehydrogena- 
tion of nydrocarbons. It has further been found that 
the acuity awl selects of these arelothercarbona- 
eoousmatariateareenhanosdwttredox-«e*lretran. » 

stoon metal moieties. Although we do ^ *f to 
bound by theory, it is believed that the activity of the 

catalyst may be related not only to the specific sur- 
face area and pcxe«2edismbution,butalsotD the re- 

dox activity of active sites within the 25 
As used herebt the selected pore saedistebufon 

n^taadistrtbution of pores havirrgdla^^ 
in selected ranges, and requires matme catetysthave 
pores wimr each <>f three distimasete of pores of dif- 
fering average diameter, and that thesperfto pore » 
volume within each set be at least about 0.05 ml/g. 
These sets are known as macropores, mesopores, 
and micropores, in accordance with lUPACnomen- 
dature The specific volume of pores in each set ts 
known as macroporosity. mesoporosity. and ™^ * 
poroatty. respectively. The set which compnsesthe 
terae pores, called macropores. encompasses tnose 
pores having a diameter greater than 500 
Ttolnesopore set comprises those pores having*- 
ameters between about 20 and about »° ""S*^ 9 / * 
The smallest pores, called micropores, have diame- 
ters up to about 20 angstroms. 

The selected pore size distribution for undoped 
catahyste suitable for use in the method of the inven- 
tion requires atleast about 0.05 ml/g 45 
osity mesoporosity. and microporosity. Preferably, 
each' porosity exceeds 0.1 0 ml/g. and 
ity and macroporosity exceeds the n*soporosny. 
Most preferably, the microporosity ^ ^ 
Especially preferred is a microporosrty exceeding 0.3 so 

jyj/fi 

Catalyst suitable for use in the method of the in- 
vention without doping may be made by any method 
and from any starting material which produces *e de- 
sired specif, surface area and desired pore s*ed,s- « 
tribution. In particular, carbonaceous material « se- 
lected from the group consisting of polymeric caibons 
prepared by pyrolysis of resinous polymers, pdymenc 

E 



carbons prepared by pyrolysis of petroleum residues, 
and polymeric carbons prepared by pyrolysis of other 
polymeric carbon precursors, such as llgnin, veget- 
able shells (coconut shells) and other fibrous organic 
materials, and other carbon-containing materials, 
such as coal or animal bones, and blends thereof. 
Carbonaceous material suitable for use in the method 
of the invention thus Is significantly different from 
other forms of carbons from such materials because 
the selected specific surface area and selected pore 
size distribution are not found In. for example, the 
PPAN or activated carbon materials described in the 
article Oxidative Dehydrogenation. In particular, car- 
bon molecular sieve material, such as the product 
available as AX21 (avalable from Anderson Develop- 
ment Company), typically is essentially devoid of 
macroporosity, and therefore are not within the scope 
of the Invention with regard to undoped catalyst 

Further, it has been found that carbons doped 
with a redox-acdve transition metal moiety need not 
have both the selected specific surface area and the 
selected pore stze distribution. For example, carbon 
molecular sieve material, such as AX-21 , is a suitable 
doped catalyst 

Preferred catalyst is selected from the group con- 
sisting of polymeric carbons prepared by pyrolyste or 
resinous polymers, polymeric carbons pt^ared by 
the pyrolyste of a resinous polymer or by pyrolyste of 
petroleum residues and doped with a redox- active 
transition metal moiety, and blends thereof. Particu- 
larly preferred catalysts are those doped with a redox- 
active transition metal moiety which acts as a catalyst 
for decomposition of byproducts of the °*datove J*- 
hydrogenation reaction which are deposited on the 
catalyst 

Catalysts prepared by the pyrolysis of resinous 
polymers and carbonaceous materials prepared by 
ovrolysis of petroleum residues are known In the art 
Pyrotyzed resinous catalysts and their method Of 
XaSon are described in US^.040*90 and 
US-A4.839.331, which are incxxpc^d herein Dy 
reference. As described in US-A-4.040.990. these 
carbons are partially pyrolyzed particles prefeiablyjn 
theformof hard beads or spheres. They are produced 
by the controlled decomposition of a synthebc poly- 
mer In particular, one such polymer Is a sulfonated, 
macrorencular dhrinylbenzene i"**** SSi 
ene One such polymer described in US-A-4,839.331 
is a polysulfonated. macroreticular dlvinylbenzene 
crossllnked polystyrene. nAnaon te 

The pyrolysis. as described in US-M.040.990. is 
generally conducted in an Inert atmosphere compos- 
ing, for example, helium, argon, or nitrogen. Prefer- 
ably, the polymer is heated rapidly to a maximum tero- 
pSture VftTrange from about 300-C to about 
90O°C, heated at the maximum temperature for a per- 
iodofuptoabout20minutes.andcool d to room tem- 
perature before being exposed to air. Forth purpos- 
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M of this hventton. maximum temperatures of up to 
about 1200-C are also suitable, and longer heating 
timesare not deleterious. 

Any of the many synthetic polymers, disdosed In 
US-A-4.040,990 and US^4.839.331. each of which 
is incorporated herein by reference, can beemptoyea 
in producing the catatyatter the P*^*** *T» 
Bon. Preferred are polymers derived from aliphatic 
and aromatic materials which are eW^* ""Sa- 
turated. Preferably: the polymer is <™ s »- |, '*" d - °f 
cause cross-IWung stabaaes the polymer thermaHy 
and leads to greater carbon yields. FteferaWy also. 

chtorid. and macrereticular *^ 
.HvjMiicBtv unsaturated. Most preferably, the poly- 
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Stamoeratore also controls total pore volumes. 
S«at/as the pyrorysis temperature Increases. 
S^Sosftv decre^ and microporosity increas- s 
"^^^P^tomp^attout^. 

#^ Waifficient to make the catalyst sufficiently 
S^tSSU dehydrogenation reaction^* i 
^ * -5 may^e a sj^^ 
aaaofat least about 250 mVgram. Undoped^ 

^rfhrf^about250ar»d 1500m^gnm Ptetar- 
^^2nS^about1250r^ gra m.a^ 

^ b !^5^eerabout 400 and 1100 m»- 
m0W f ^lSStmS^o not have toe select- 

!fJS« areas For example, carbon molecular sieve 
^^^^Whasa specific surface area of at 

yields greater ^J^* ^ 
is measured by the 
method. The BET method 

son. in Experimental Methods m Catalytic Research. 

vatm9 atm ~ J ^ammonium, carbon monoxide. 

°^"^!!^jSiS^ctrvated materials are pre- 
and carbon dioxide. Sucn acovai j 
fertedcatalyststotoepracticeofth methodoftne 

vention. 



Catalysts which are carbonaceous material pro- 
duced In accordance with the inethod d MUS£ 
4,040990 and US-A-4,839,331 are available from the 
Rohm and Haaa Company under th tradename Am- 
bemorb carbonaceous adsorbent CAmbereort jto, 
trademark of Rohm and Haas C^^™"^'" 
sorb carbonaceous adsorbents are hard, non-dusting 
spheres with selected specific surface areas and se- 
lected pore distribution, as those terms are defined 
ha«ta.ln7arllcuto*^ 

bent sold under the Wentif ica^s 348F 5^8^ 
572. and 575 are particularly preferred In the practice 
of the method of the Invention. 

IXZa* csrbonaceou, »^sor^ Is prepay 
in either activated or unactivated form. Unactivatod 
^ls hydrophobic and nor.pda,an^xhlb^a 
owe size distribution having toss n^pomsltythan 
Sated material. Forexample. AmbersortcaAomv 
SoTadsoment 563 and 564 ere "^J^JT 
Passman aboutO.3 ^ ^^^^ 

8 S"a^^Sied572or575. b*» 

«Mhfei ooter characteristics (contributed bytneoxy- 
^^SS^fM functionality Imparted ,by -ao- 

ria> ' Catalyst produced by P^^SJ^ 




j 



45 



50 



55 



ond step. tt titZ*7b^n SOOand 1200-C in 
heating to a temperature between sou 

an inert atmosphere, •f^^-^'™ ^ ted to a 

^ ko ferried out The material is neauw w « 

S!Smt Sreaotrt 600-C in an oxidizing at, 
S^AcSonTcreases the spedfic ^ce 
^^^LC-Liai thus increasing its activity. 
^^^t^T^ by Pvro^lng 

Sertals and a method for their P«paiatonj are set 
J^^ntiS-AM 082.694. which is incorporated herein 
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alysts. e.g. having the selected specific surface area 
and selected pore toe distribution, are doped with re- 
dox active transition metal nx»eties which can them- 
selves, or in combination with ther materials, func- 
tion as a Bronsted add or as a Lewis acid Suitable 
dopants are selected from the group consisting of 
CrO* MoO* MnOj, VJh. C*iUO£» Tip!, and mix- 
tures thereof. Preferred dopants are selected from the 
group consisting of CrO* M0O3 and blends thereof. 

The concentration of dopant utiteed In the inven- 
tion is that quantity stiff Went to catalyze the combus- 
tion of by-product deposits. Therefore, the concentra- 
tion of dopant on c ar bo na ceous material is at least 
about 0.00001 gmot/gram of carbonaceous material. 
Typically, the dopant concentration does not exceed 
about 0.1 grnougram of carbonaceous material. Pre- 
ferably, the dopant concentration to between about 
0 00003 and about 0,01 grnol/grarn. more preferably 
between about 0.00005 and about 0.005gnwl/&ram. 

During the oxidative dehydrogenatton reaction, 
by-products of the reaction may be o^tedon*e 

ry.fcisberievedth* these <tepositecaiisetlieina^ 
usl catalyst particles to form Wlorner^ wiji^ 
particles. Agglomeration reduces yield of desired 
^d^by^sing both catalytic acbV^and sa- 
H has been found that ^pants f ^ *e 
«ifh^ rftoesits to carbon dioxide under 



ous polymers, polymeric carbons prepared by 
pyrolysis of petroleum residues, polymeric car- 
bons prepared by pyrolysis of other polymeric 
carbon precursors, and blends therefore; and 
5 (c) blends thereof; 

said method comprising doping the catalyst with a 
moiety which catalyzes the combustion^ the depos- 
ited byproducts to carbon dioxide. 

Doping may be carried out by any suitable meth- 
10 od. Typically, solvent impregnation, vapour deposi- 
tion, or the molten salt method are used. Solvent im- 
pregnation is preferred for impregnation of most solu- 
ble metal compounds on non-graphitizable carbons, 
such as the Ambersorb carbonaceous material TypK 
is cally. dopant is dissolved in a quantity of solvent suf- 
ficient to completely occupy the Interior pore volume 
of the carbonaceous material. Then, metal-containing 
solution is added. Solvent then is removed by heating 
the material, often under vacuum. For 'soft* carbons, 
20 ex^^rent te utilized under reflux conditions untt 
uniform dispersion is obtained. Then. e»^^ e ^ 



uniform dispersion is obtained. Then, excess solvent 
drying. Vapour deposition, i.e. contacting the ca*o- 




the operating condtfons in the reactor. - 
dopants redijces the ter*^ 

marate. 



ThuTdopants which are more preferred catalyze 
both *e*sired oxidative dehydrogenation reactions 

to carbon dioxide. More preferred dopants mdude 
CrO* MoO.. MnO* Ce(NO^ KMnO. and 
NaOH TO,, and mixtures thereof, especially CrO,, 
SvS- Ce(N<W.. KMnO, /NaOH. andb.ends 
thereof. It is believed that. J^*o 4 
formed wher. the preferred combination of KMnO* 

and ^^X Present invention further £ 
v «es^tnodfor preventing aggtomerationca^ 
by deposition of byproducts of oxidate del- 
ation of hydrocarbon compounds on oxidative dehy- 
dtoge««tion catalyst comprising carbonaceous mate- 

yicsurfaceareaandaseteotedp^s^wnb- 
ution selected from polymeric carboy (spared 
by pyrolysis of resinous polymers, polymenccar- 
bons^repared by pyrolysis of petroleum resi- 
dues, polymeric carbons prepared by PY™^ 
ottier Polymeric carbon precursors, and blends 

Sn^Lnaceous material doped with a redox- 
active transition metal moiety and sel cted from 
polymeric carbons prepared by pyrolysis of res.n- 



» pound, also is suitable. ^^m^be 
The oxidative dehydrogenation reartton ^naybe 
carried out in any suitable reactor. Skffled practition- 
ers will be able to select suitable materials ^con- 
struction. Although a bati^ reac^^ 
w ized, a flow reactor is preferred. Typically, the reactor 
bed will comprise not only catalyst but also support 
materials at each end. Support material serves^ 
o^tosupporttheoa^bed^b r.M*£ 
be* mix and modulate the temperature of *em*e- 
» rials flowing into the reactor. Vertical and horizontal 

flow patterns are suitable. . . 

Typically, gaseous reactants are mixed before 
contacting the catalyst Liquid products areootected 
Sa trap near the catalyst zone; gaseous P^£«™ 
40 coded, collected, and separated as required, for ex- 
ample, by fractional distillation. 

Skilled practitioners recognise that some hydro- 
carbon compounds are more difficultly 
ate d than others. For example, butane 
« dehvdrogenated, and dehydrogenabon of 1 ,4-diethy^ 

atvst may be a particularly active oxidative dehydro- 
aenaiTcaLysVw^ respect to a hydrocarbor .com- 
ooTndyerbe amatively inactive oxidative dehydro- 
M ca^yst wi* respectto 

compound. Thus, although a ^'^'^^ 
Sariy active with respectto a hydrocarbon compound 
may*** exhibit significant «^ J^.^ d * ^ 
hydrocarbon compounds. ^ catalyst rs intended to 
55 b within the scope of the invention as defined by the 

Cla "The following Examples are presented to illus- 
trate preferred embodim ntsofth presentlnv ntion. 
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Part 1 - Oxktefr* P^hydrooenation of Ethyibenzene 

In a vertical fixed-bed reactor. 05 grams of Am- 
beraorb 563 carbonaceous adsorbent formed a cata- 
lyst bed havtog a 1 7 mm bad de pth. Glass beads were 
placed on top of the catalyst bed and healed to ap- 
Prodn^thesametenipeiaturew 

tonsure that the incoming 
p«^^nw«d.vaporiad.andr« a t^tothe«les«d 



Ethyibenzene end air were fed Into me top of the 
reactor. Le.. into the top of ^ Qtassbea^ and 
passed threugh the catalyst bed. ^ 
^benzene was Was of 
aviate w« 300 mUho* Oxidative 
•Son of the ethyibenzene was carried. out wBh the 
p^Lun, in the reactor mafaUi-d at 1 03.43 x WF* 
SSS (15 pste); the tenpetatoxeof thecatolyst 

was 380«C. Reaction was "^^^.^L^TLtn 
-rh* -ffkiantaas straam was analyzed by both 
FID and T^^romatographfc analyses, which 

entat0*C. 

P«l 2 -Absence °f Oxva 6 " 

Afterti* 15 hour period ^^J^^ 

a^of10lK*ae.DuringmisperW^ 
Sed to the reactor, the conversionof eth^benzene 
w ^1.9pe rc ent,wahse»ecthrityto S tyreneof94.8per- 

cent 

null rnn"— .^Catalytic Activity 

^ was sut««utedfor nitrogen and o^a^ de^ 

nydrogenation of ^ ™^£ni so 

J~ond 15-hour period. Analysis of the reactor amh 

£.5 percent, with 96.1 percent selectwrty to styrene. 



live dehydrogenatlon of Part 1. the comrereton of the 
ethyibenzene was 37.1 percent with a selectivity of 
etyrene of 98.2 percent. After elimlnati n of oxygen 
from the reactor wBh nBrogen. as in Part 2. conventon 

s of ethyibenzene was reduced to nly 3.0 percent wtth 
55.4 percent selectivity to styrene. Thereafter, when 
oxidative dehydrogenation conditions again were es- 
tablished. 16.0 percent conversion of ethyibenzene, 
with selectivity to styrene of 99.3 percent was ach- 

io laved. 



15 



The method of each part of Example 1 jwasre- 
peated.withAn*ercorc563cart»r«cec^ 
Shed as catalyst The height of the catalyst bed. 
which contained 0.5 grams of catalyst, was 22 mm. 

in accordance with the method set far* In 
» conversion of the ethyibenzene was 1B.6»^nt 
wTsetectivity to styrene of 92^ tlm" 
ination of oxygen from the reactor with nitrogen.es m 
S!rt2 Gaston of ethyibenzene was reduced to 
T h^TlZ 95.2 percent selectivity to styr- 
° Y S;^ aSe dehydrogenation 

^Se^beSe. with selectivity to styrene of 
98.8 percent was achieved. 

30 Exaroplo* 

The method of each part of Example 1"**™; 
peated w^Amb«son^ 
SSaa catalyst ^SL^S^S7£. 
Iy stbedwas21 mm -^^^J^ZSSL 
oehydrcgenation of Part 1 - * 
^thuihenzene was 52.1 percent with seteetwny w 
^Tgo-aTcent After 

40 of ethyibenzene was reduced to ^*ApeM*m 
95 Tpercent selectivity to styrene. Thereafter, when 
oxioSehydrcgenation condlfions agata werees- 

SShed.48.1 P^^^^^S 
with selectivity to styrene of 96.1 percent was ach- 
ieved. , 



35 



45 



l«2 



55 



The method of each part of Exam^Jwasra- 



Examples 

The method of Example 1 ^.^^J*^ 
derson AX21 carbonaceous matenal <^***» 
nSght of 18 mm to provide a comparative example 
Sathredehydrcgenationun^^ 
• cv^rnrjp 1 yielded 80.0 percent conversion of 

SacBon '-under conditions of Part 7 : of 

viewed 5.2 percent eonv reionof ethylb •** 

S^percentselectivitytostyren .Reacti 

aance with Part 3 of Example 1 was not earned out 
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Ambersorb 563 carbonaceous adsorbent was 
placed inavertiorf reactor, together wim glass beads, 
as described in Exampte 1 . Tha bed height (0.5 grams 
of catalyst) was 18 mm. Air wasflowed over the cat- 
alyst bad and glass beads at a rata of 1 mUmimite as 
the temperature was raised to 250-C. After one hour 
at 250*C. a 1-buteneflow of 0.5 ml/minute was mixed 
into the air flow. 

Steady-state operation was established, as de- 
termined by consistency of selectivity and conver- 
sion, at temperatures in 50°C mteivaJs^between 
250-C and 500*C. The study was interrupted after 
between 8 and 10 hours by interrupting the flow of 1- 
butone and reducing the temperature to 20«C The 
pressure was about 1 atmosphere. 

After 14 hours at the reduced temperature, the 
temperature was increased, and 
timization study was continued by intro^ng 1-bu- 
tene raactantfeed. the optimum J*"* 
dative derrydrogenation of 1-butene 
aryst as iSarminad by maximization of 1.3- bute- 
dtena yield, was achieved at a W^jf^Z 
At this temperature, tha eorwerajojr 
with a1.3*Utadiene selectivity of 88 percent The re- 
maining products were tower hydrocarbons. 



2 hours. 

One-half gram of the resulting catalyst was util- 
ized in a vertical reactor In a bed having a height of 
13 mm. Optimal temperature was determined to b 
5 300°C. at which 78 percent conversion of 1-butene 
was achieved, with 99 percent selectivity to 1.3-bute- 
dtene. 



Example 10 



ro 



Ambersorb 575 carbonaceous adsorbent waa 
doped w«h chromium adde in aecoidance wtth the 
method eetforth in Example 9. and waa utilized teac- 
cordance with the oxidative dehydrogenation method 
rs of Example 6. The optimum temperature was deter- 
mined to be 350-C. The ccmrarakm of 1-b^ was 
68 percent, with 89 percent selectivity to 1.3-bute- 
dlene. 
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The method of Example 6 ^* fo «^ 
baraort) 575 carbonaceous adsorbent at a bed hejgM 
oT^ranforthe O^ram bed. Atan operatngpre^- 
sureof aboutl atmosphere, the °P*mumtemr*ratore 
^determined to be 375-C. «^«™?™% 
of 1-butena was 39 percent with a selectrvrty to 1 > 
butadiene of 81 percent 

Example8 

The method of Example 6 essentially was repeat- 
ed wSr 5 ^ms of Ambersorb 564 carbonaceous 
aSsrSmatabedheightof 12mm. The «acttonwas 
eSSo-t isothermaiiy at 350-C. 

61 percent with 82 percent selectivity to 1.3-buta- 
diene. 



Anderson AX21 (Z5 grams) was doped with 0.45 
grams of MoO s by ref iuxing the <^™«^» 
rial with the dopant in 50 ml of waterfor 6 houra The 
a water was removed by rotary evaporation and subse- 
ouent drying in vacuum at 100°C. 

OnelhaW gram of this catalyst was placed In a 
vertica^low reactor, as described in Example 1. The 
bed height was 15 mm. Liquid eftand waa fed at a 
30 rate of 0.2rnl/hour. vaporized, and 
air ftow of 300. mVhour. Oxidative 
was carried out at a temperature of 230«C over a 20 
n^r period. Conversion of the ethanol exceeded 1 99 
P^rcenl with 85 percent selectivity to acetaldehyde. 

35 

Example 12 

Therr^tr^ofPartl ofExamrxel wasrepeated 
withl.OSgramsofAur^rsc^car^^ 
„ terial as catalyst, which provided a bed ^Wof* 
IT After 140houra on-stieam. 
percent of the ethylbenzene was achieved, with az-i 
percent selectivity to styrene. 

The catalyst had become clumped together, and 

increased by 0.8B nrams per gram of catalyst. 



Example 9 

Ambersorb 563 carbonaceous portent was 
dor^vrimchromiumoxideteaccomancew*ti^o^ 

VZZn method. Five grams of catalyst were placed .n 

STtowhfch was added 0.007 mote (0-Tg.ams) 

ofS^dissorvedinSmlsofwater.Th 

Le tad a clumpy texture, with no unabsori^ £u,d 

visible The water was removed from the catalyst by 

^'atToo-Cund r vacuum (about 0.1 mm Hg)fbr 



50 



Example 13 

The method of Example 12 was repeated, utiliz- 
ing 1 ,4-diethytbenzene as the Mrocart)^^^ reartant 
Thefeedrateofj.4-dtemylben^^ 
hehydroearbonfeedratesetfc^ 

55 to r^etoylstyrarie ami 13.2 percent selec^todr^ 
nylbenz The remaind r of the products com- 
prised beret ne and xylenes. 
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The method of Example 12 was repeated at aw- 
actor temperature of 300-C Conversion ww 387 
percent, with selectivity to p-ethytstyrene of 57.4 per- 
cent and selectivity to 1 ,4-<fivinylbenzene of 27.2 per- 
cent 



IS 



Ambersorb 563 carbonaceous adsorbent was 
doped v*h potassium permanganate and »od^ hy- 
dm^maoooro^wihtlrefb^^ 
^oTSSJS. Piacedinabea^^wnich 
Was added 0.05 grams of KMnO* and 0.1 grams 
NaOH o%aoh^ to Srntoof water.The«M^m^ 
u«hadadurnDy^.wimn^r«bso^uto 
wMhu Tho water was rernc^ from the catalyst by 
^atUO-CundervacuumofaboutO.1 mmHgfar 

* ^ reeuUan, catdyst wasused 
dehvdrogenation method eet forth in ?at 3 

t-SSaa of 325-C. After 140 hours orH*eam. 
SSSTJ f-hvllreraene was 82.7 percent w* 
STpW ***** to styre ne- we^^ 
aeas^the catalyst was only 01 SiBmspergjam™ 
25* and only r*n«nd dumping was observed. 

16 



Ambersorb 572 <^^S^Z 

L^^^mixtore of 1 mUmin Isobutane and A 
^aCwaspa^^ercoeg^ofc^rystand 

^a^wTSried out at a temperature of 
36 °^ i -i conversion of 9.0 percent was achieved 
** ^^Zooedto 8.0 percent and was main- 

throughout 
17 



in Example 1. A liquid feed of cydohexane at a rate 
0inw1iraridag8aeousfeedofakatamtoof5rt#^ 
were brought Into contact with th catalyst at a tem- 
peratunTof 360-C. Conversion of cydohexane was 
» 97.7 percent after 3 hours, with benzene th sole 
product 

Claims 

f ° 1 A method for oxidative dehydrogenation of a hy- 
' drocarbon compound to produce a more unsatu- 
rated product said method comprising: 

reacting the hydrocarbon compound and 
« oxygen in the presence ^« w ^ e ^^™f 
15 aSn catalyst under ^Wor« ^«nt tere- 
move hydrogen atoms <rom*e 
compound and form a more unsaturated product 
and water, said catalyst comprising caroone- 

stedomerpdymeric carbon precursors, and 

blends thereof, 

(b) carbonaceous material doped wHh a re- 
o^STtransition metal ™«ty and jelect- 
rffrom pdymeric carbons 
yak of resinous polymers, pdymeric ^artons 
Separed by pyrdyds of Pdrotoum resWue 
SnSo carbons ^J*™**£ 
other pdymeric carbon precursors, ana 

blends thereof, and 
(c) blends thereof. 

M 2 A method as daimed in claim 1 , Jfj^ 
40 EE compound is selected «rom floated 
EStos. alkanes. alkenea. oxygenates, and 
blends thereof. 



The method of Example 12 was ^'aed to oxida^ 
t^y^Mrogenate ethylbenzene overVOgramof 
^^SvstAfter 24 hours, conversion of ethyl- 

creased to 92.3 percent 
Ejgragla 18 



, A mpthbd as daimed in claim 2, wherein the hy- 
45 iJ^n^Poimd is selected from alkylated 

Son atoms, straight chain, 

S«h a,kenes - and ^SSSS 

M to about 6 carbon atoms, and blends thereot. 

^plnd Is from 0.1:1 to 5:1. preferably from 
05:1 to 3:1. 

10 
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6. A method as daimed in any preceding claim. 

wherein: ***** 

(a) thereaclk>ntempefatumlsfrom200»Cto 

5WC;andtar 

(b) the reaction pressure Is firom 34.48 x 10* 
to 1.03 x1V Pa absolute (5 and abort 150 

paia)' and/tor 

(c) the liquid apaca velocity is from 0.01 to 10 
hr 1 . 

7. A method •» daimed in any preceding daim, 
wherein the catalyst has mtaopomsily. mesopor- 
osty. and maerooorosHy. each of at least about 
0.10 mUg. 

8. AmethodaaelaimsdinclaimT.wr^b^the 
n^cropon^ end rntoopwoslyareflreater than 

thernesoporosiy. 



ceous material d ped with a redox-acUve transi- 
tion metal moiety and selected from polymeric 
carbons prepared by pyrotysta of resinous poly- 
mei^polyn^ carbons ixepared by pyrol^^ 

5 petroleum residues, polymeric cmrbons prepared 

by pyiotyste of other polymeric carbon precur- 
sors, and blends thereof. 

16. A method as claimed in dalm 15. wherein the do- 
10 pant Is selected from drOj. MoO* MnOj. VjO*, 

Ce<NOj)j. TlOj, and mixtures thereof. 

17. A method for preventing «8£™^J?££ 
by deposition of bypioducts of oxida^ 

15 oanation of hydrocarbon compounds on oxidative 



9. ArnodKKlwcWrnedindaimB.wh^^ » 
croporeety Is greater than 0.2 mUg. preferably 
greater than 0.3 mUg. 

1* A method as ddmed in "^^J^ a 
whersm the catarystnas a specie surface erea 

of at least about 250 irWgram. 

e* resktous potymers. carbonaceous ITH *™~ 
ip^.S^frans^r^g 

.X^frompoK^cc^W^ 
pyrelysisof resinous potymers, and blends there- 
of. 

12. A method as daimed in 

wherein thedcoant is sdex^fn^^MoO^ 

Sn^^CaKNO^TK^ardrrtxb^ 
of. 

ii In a method for oxidative dehydrogenation of a 
S^^cataiysttoproduceamweur^rat- 
ea^ompound. the improvement cornprfe^^ 
„adr*fte activity or sdecuvity d 
& 7Sng the catalyst with a redox-active trans- ^ 

tion metal moiety. 

14. Amethod as daimed 

Atv is selected from CrO* M0O3, Mnu* v 2 u 5 . 
S(rtc^!Srn0 4 .KMn0 4 andNaOH.T,0,and ^ 

mixtures thereof. 



^deposition of byproducts of oxidative^ 
aenatk«ofliydrocart»oncornp^ 
dehydrogenatlon catalyst comprising carbona- 
ceous material selected fromc t 
(a) carbonaceous materid h"^"^ 
specif ^surface ama and ■ »^ 
dWribuSon selected from pdymeric carbons 

prepared by W^^'^'JSZdl 
Polymeric carbons prepared by Pyrdyalsof 
petroleum residues, polymeric "[Joiw^e- 
pared by pyrdyste of other polymeric carbon 
precursors, and Wends thereof. 
fbTcartMnaceoua material doped vrith a rs- 
^^frarmitionrnetdrnolety^sde^ 

yds of resinous polymers, Poly^caAons 
prepared by pyrdyste of petroleum "J** 8 ! 
P^msrie carbons prepared by 
omer pdymeric carbon precursors, and 
blends thereof; and 

a moiety which catalyses the combusbon of the 
deposited byproducts to carbon dioxide. 

18. A method as claim in ddm 17 

product catalytic moiety is selectedfrom CrO* 

NaOH. TiO* and mixtures thereof, preferably 
KMn0 4 andNaOH. 



is A catalyst for th oxidative dehydrogenafior. of 
15 MnSrtT compounds comprising carbona- 
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